TRPV1 is a nonselective cation channel in nociceptors. TRPV1 stimulation has been shown to lead to the activation of microglia and astrocytes in the dorsal horn of the spinal cord. However, information on the effect of TRPV1 stimulation on glial activation in the trigeminal nucleus caudalis (TNC) is lacking. Here, we stimulated TRPV1 in the trigeminal afferents by a repetitive injection of 10 mmol/l capsaicin into the whisker pad for 2 days (d2 group), 4 days (d4 group), or 6 days (d6 group). As a control (c group), the vehicle was injected for 2 days. Anti-Iba1 and anti-glial fibrillary acidic protein antibodies were used to immunostain microglia and astrocytes in the TNC, respectively. The ratio of the cross-sectional area immunoreactive for Iba1 to the entire area of the TNC was increased in the d2 group compared with the c group on the injected side. Microglia were recruited to the superficial layers of the TNC. The numbers of microglia were reduced in the d4 group and the d6 group compared with the d2 group. The ratio of the cross-sectional area immunoreactive for glial fibrillary acidic protein to the entire TNC showed a significant increase in d2 group and the d4 group compared with the c group on the injected side. Behavioral analysis indicated that mechanical allodynia began to develop after 2 days of capsaicin treatment and persisted for at least 6 days after the onset of the repetitive capsaicin injection. These data indicate that TRPV1 stimulation activates the microglia and astrocytes in temporally distinct ways and that the development of mechanical allodynia is independent of such glial activation.
Introduction
Glial cells are known to play a vital role in chronic pain. Several studies have shown the activation of the microglia and astrocytes in the spinal cord after inflammatory tissue damage [1, 2] or a peripheral nerve injury [3, 4] . The transient receptor potential, subfamily V, member 1 (TRPV1) receptor is a capsaicin-sensitive, proton-sensitive, and heat-sensitive nonselective cation channel and plays a role in nociception [5] . There are several inflammatory diseases involving the trigeminal nerve-innervated areas that cause severe and intractable pain, as exemplified by meningitis and pulpitis. As TRPV1 function is known to be upregulated by inflammatory mediators, the cation channel plays a pivotal role in the evolution of inflammatory pain. Although the precise relationship between nociceptive stimulation and glial activation in the central nervous system remains unclear, recent evidence has shown TRPV1-mediated activation of spinal cord glial cells [6] . An intraplantar capsaicin injection induced thermal hypersensitivity, which was accompanied by an increase in immunostaining for glial markers in the dorsal horn. However, information on the relationship between TRPV1 stimulation and glial activation in the brainstem trigeminal nucleus region appears to be lacking.
In this study, we aim to observe the alterations in the microglia and astrocytes in the trigeminal nucleus caudalis (TNC) by a repetitive TRPV1 stimulation using immunohistochemical techniques and to determine the correlation between the immunohistological data and the development of nocifensive behaviors.
Materials and methods

Animals
Experiments were performed on male Sprague-Dawley rats (n = 27; body weight, 250-300 g), 12 of which were used for immunohistochemistry, with the remaining 15 used for behavioral testing. These experimental procedures were approved by the Animal Welfare Committee of Keio University (No. 08075). Furthermore, all the procedures were undertaken with the utmost care to minimize the suffering of the animals.
Drug administration
After deep anesthetization with halothane, either 100 ml of a 10 mmol/l 8-methyl-N-vanillyl-trans-6-nonenamide (capsaicin) solution (3.1 mg/ml in saline with 6% ethanol and 7% Tween-80; Sigma-Aldrich, St Louis, Missouri, USA) or a vehicle (saline with 6% ethanol and 7% Tween-80) was subcutaneously injected into the left whisker pad of each animal. In the immunohistochemical experiment, animals were divided into four groups (n = 3 in each group) as follows: rats treated with the vehicle for 2 days (c group), and with capsaicin for 2 days (d2 group), 4 days (d4 group), and 6 days (d6 group). In clinically important disease conditions, such as meningitis and pulpitis, nociceptive stimulation is present for a certain period. Therefore, we chose repetitive capsaicin treatment in this study to mimic clinical situations as in the inflammatory diseases.
Immunohistochemistry
On the day after the last injection in each group, the animals were deeply anesthetized and transcardially perfused with a mixture of 2% formaldehyde and 0.2% picric acid in 0.1 mol/l phosphate buffer (pH 7.0). Immediately after the perfusion fixation, the brainstem was dissected out and the portion harboring the TNC was processed into frozen serial sections of 12 mm thickness using a cryostat (Reichert-Jung Cryocut 1800; Leica Instruments, Buffalo Grove, Illinois, USA). The first ones of three consecutive sections were used for immunostaining. The frozen sections were preincubated with 10% normal donkey serum for 30 min. The sections were incubated with primary antibodies for 48 h at room temperature. The sections were then rinsed with 0.01 mol/l PBS and incubated with species-specific secondary antibodies for 2 h at room temperature. The specimens were mounted in buffered glycerol (pH 8.6). In this manner, the slides were double labeled with the anti-ionizing calcium-binding adapter molecule 1 (Iba1) antibody (raised in rabbits; code 019-19741; Wako Chemicals, Osaka, Japan; 1 : 200) and the anti-glial fibrillary acidic protein (GFAP) antibody (raised in mice; code G3893; Sigma-Aldrich; 1 : 500). Immunoreactivities with the primary antibodies were visualized with speciesspecific secondary antibodies raised in donkeys and conjugated to Cy3 or fluorescein isothiocyanate; all the antibodies were obtained from Jackson Immunoresearch Laboratories (West Grove, Pennsylvania, USA).
The immunolabeled specimens were examined under a Keyence BIOREVO BZ-9000 microscope (Keyence, Osaka, Japan) fitted with a highly discriminating filter.
Quantitative analysis of immunoreactivities for glial cells
We chose eight brainstem sections at the level of the TNC on the capsaicin-injected side in each animal (three animals per group). The sections were immunostained for Iba1 and GFAP to label the microglia and the astrocytes, respectively. Digital images were obtained using a highquality CCD camera attached to a fluorescent microscope (BIOREVO BZ-9000; Keyence) and saved as Tiff files. The TNC area on the section images was determined according to the method of Paxinos and Watson [7] . Subsequently, we calculated the ratio of cross-sectional area immunoreactive for Iba1 or GFAP within the TNC area and estimated the number of Iba1-immunoreactivity (IR) cells per 1 mm 2 of the TNC area using an image analysis software (Keyence). In these quantitative analyses, we applied an identical fluorescence excitation condition to all of the sections examined. All enhancements were made uniformly across entire images. For capturing fluorescence signals representing immunoreactivities for Iba1 and GFAP, we used a distinct optimal condition for each marker in terms of segregation and threshold settings.
Data were presented as mean±SD. Differences among the groups were assessed by one-way analysis of variance, followed by individual post-hoc comparisons (Bonferroni's test), and P value less than 0.05 was considered significant (SPSS for Windows, version 19; SPSS Inc., Chicago, Illinois, USA).
Behavioral testing
Pain-related behaviors were induced by mechanical stimulation using home-made von Frey hairs (VFHs; diameter 0.5 mm; bending forces 34.3 mN). Rats were allowed to acclimate to their surroundings for 30 min before testing. During the procedure for assessment of sensitivity to mechanical stimuli, animals were restrained at the trunk with a towel to calm them and treated gently. Each VFH was applied ten times (once every 10 s) to the lateral facial skin, and the number of wiping instances by forelimb or withdrawal response was then counted [8] . The frequency of nocifensive behaviors (head withdrawal or wiping by the forelimb) was measured in 10 trials. Animals were subjected to the behavioral test on two occasions: before the injection [1 day before injection (pre 2)] and just before the first injection (pre 1). Subsequently, 10 mmol/l capsaicin (100 ml) was injected into the left whisker pad. The same injection procedure was repeated once a day for the designated period. Before each injection procedure, the behavioral test was carried out. In the control animals, mechanical sensitivity was assessed using the same protocol without the administration of capsaicin. All the behavioral tests were carried out by an examiner blinded to the identity of the animals. 
Results
Effect of trigeminal nociceptive stimulation on Iba1 and glial fibrillary acidic protein immunoreactivity in the trigeminal nucleus caudalis
As shown in Fig. 1a , Iba1-IR was observed sparsely in the TNC in the c group. However, after trigeminal capsaicin stimulation, Iba1-IR was increased especially in the superficial laminae of TNC, where the central axons of trigeminal ganglion neurons make synaptic contact with the second-order trigeminal neurons, in the d2 group (Fig. 1b, arrowheads) . In addition, marked hypertrophy of Iba1-IR cells was observed in the d2 group (Fig. 1b,  inset) . Morphologically, the majority of the hypertrophic microglia appeared to be ramified microglia, and only a few ameboid microglia were identified. There were fewer Iba1-IR cells and the extent of hypertrophy was less conspicuous in the d4 group and the d6 group as compared with the d2 group ( Fig. 1c and d) . Quantitatively, the ratio of the cross-sectional area of Iba1-IR cells to the TNC area was 9.9±4.7% in the c group, 23.7±11.4% in the d2 group, 7.4±4.1% in the d4 group, and 7.8±5.6% in the d6 group (mean±SD; Fig. 1e ).
There was a significant difference between the d2 group and the c group (P < 0.05). Also, the estimated numbers of Iba1-IR cells within the TNC region were 438.0±124.9/mm 2 in the c group, 511.8±139.8/mm 2 in the d2 group, 292.4±109.0/mm 2 in the d4 group, and 286.2±117.3/mm 2 in the d6 group (mean±SD; Fig. 2 ). The estimated numbers in the d4 group and the d6 group were significantly decreased, compared with the d2 group (P < 0.05). The alterations in GFAP-IR in TNC after capsaicin injections showed a temporal profile distinct from those of Iba1-IR. As shown in Fig. 1f , GFAP-IR was observed in the TNC before capsaicin stimulation in the c group. The IR of GFAP cells was also increased in the capsaicin injection groups (Fig. 1g-i) , which was accompanied by cytoplasmic hypertrophy. However, there was a trend toward reversion to the basal level in the d6 group (Fig. 1i) .
The ratio of the cross-sectional area of GFAP-IR cells to the TNC area was 7.3±1.2% in the c group, 15.1±5.4% in the d2 group, 13.8±2.7% in the d4 group, and 9.3±1.9% in the d6 group (mean±SD; Fig. 1j ). There was a significant increase in the d2 group and the d4 group compared with the c group (P < 0.05). The number of GFAP-IR cells was not calculated in this study because of technical difficulty in the precise counting of these cells.
Effects of trigeminal nociceptive stimulation on nocifensive behaviors
As shown in Fig. 3 , the VFH stimulation procedure that we utilized did not induce a nocifensive response before trigeminal capsaicin stimulation (Fig. 3 , pre 1 and pre 2). However, after the repetitive administration of capsaicin, the number of nocifensive responses increased gradually (day 1, 1.5±1.2 [mean±SD] times; day 2, 2.3±1.5 times; day 3, 2.8±1.7 times; day 4, 2.8±0.6 times; day 5, 4.1±1.3 times; day 6, 3.4±1.0 times) and the maximal number of nocifensive responses was observed on day 5. The number of nocifensive responses was significantly increased on days 2, 3, 4, 5, and 6 compared with pre 1 and pre 2. Meanwhile, the control animals did not show a significant change in the nocifensive responses during the observation period. Significant differences (P < 0.05) were found between the capsaicin-treated animals and the control animals at days 4, 5, and 6 (day 4, 0.5±0.8 times; day 5, 0.8±0.8 times; and day 6, 1.0±1.1 times). Control (n = 6)
Nocifensive responses to mechanical stimulation to the ipsilateral face using von Frey hair (VFH). The bars represent the mean ± SD. *P < 0.05 versus pre 1 and 2.
Discussion
The present study showed that repetitive TRPV1 stimulation at trigeminal nociceptors induced transient morphological alterations in the microglia and astrocytes in the TNC. Both microglia and astrocytes showed cytoplasmic hypertrophy and, consequently, the areas immunoreactive for their markers, Iba1 and GFAP, increased after TRPV1 stimulation. Such changes were the most conspicuous at day 2, after which immunoreactivities for both markers gradually became less marked. At day 2, microglia were recruited to superficial layers of the TNC, where the first-order trigeminal neurons make synaptic contact with the second-order neurons. The number of microglia was reduced after day 2. Furthermore, our data indicated a temporal discrepancy between the glial morphological alterations and the occurrence of mechanical allodynia. Several lines of evidence have indicated that glial cell activation is responsible for the induction of mechanical allodynia in neuropathic pain models [9, 10] . In response to a nerve injury, microglia have been shown to be rapidly activated and involved in the initiation of chronic pain. Meanwhile, astrocytes are activated on a slower timeline, and are involved in the maintenance of chronic pain [11, 12] . Hence, the present study has shown a novel pattern of glial activation, apparently irrelevant to the development of mechanical allodynia.
Chen et al. [6] have previously reported that a single intraplantar injection of capsaicin induced hypertrophic changes in the microglia and astrocytes in the dorsal horn of the mouse lumbar spinal cord at day 3, but they did not provide any quantitative data for a longer time period. Despite the differences in animal species and experimental settings, the rapidly induced morphological changes after capsaicin treatment appear to be a common feature of glial cells irrespective of their locations in neural tissue.
Whether the activation of microglia and astrocytes is related to the development of mechanical allodynia is controversial. As mentioned above, most studies using neuropathic pain models support the role of glial activation in the occurrence of allodynia [9, 10] . However, in inflammatory pain caused by complete Freund's adjuvant injection, mechanical allodynia has been shown to be induced in a manner independent of glial activation [13, 14] . It is inferred that the mode of action of glial cells differs in accordance with the experimental settings. Glial cells in the central nervous system serve a number of housekeeping functions required for healthy neuronal communication [9] . Particularly, microglia are known to play a role in the maintenance of synaptic integrity. Morphologically, resting microglia are ramified and they dynamically extend and retract their processes for surveillance of the microenvironment [15] . In response to nerve injury and brain ischemia, activated microglia migrate to synapses and secrete neurotrophic factors capable of repairing neurons [16, 17] . In our study, we observed that Iba1-IR cells were recruited to the superficial laminae of the TNC, where the central axons of trigeminal ganglion neurons make synaptic contact with the second-order trigeminal neurons. We did not observe any upregulation of IL-1b, P 2 X4, or phosphorylated p38, which have been shown to contribute to neuronal damage [18] [19] [20] (data not shown). Moreover, there were only a few microglia with thick and retracted processes (ameboid microglia), which are associated with their neurotoxic actions [21] . Hence, it is likely that the activation of microglia by repetitive peripheral TRPV1 stimulation in this study was neuroprotective. The number of microglia located in the TNC decreased at days 4 and 6. Microglia may have exited from the TNC. Alternatively, they may have died through an apoptotic process. Activation-induced microglial apoptotic death has been reported in inflammatory and ischemic conditions [22, 23] . Moreover, the decrease in neuroprotective microglia may have contributed toward the development of mechanical allodynia. Interestingly, TRPV1 knockout mice have a higher density of microglia and astrocytes in the spinal dorsal horn as compared with wild-type mice [6] , which raises the possibility that there is a certain TRPV1-mediated machinery that decreases glial numbers. Our observations that glial cell numbers declined after 2 days of capsaicin treatment may reflect such a modulatory role of TRPV1.
Our results have provided a novel insight into the roles of brainstem glial cells under the TRPV1-relevant pathological pain conditions, which include meningitis, pulpitis, and possibly migraine.
Conclusion
In summary, we have shown the novel dynamics of glial activation in a TRPV1-associated pain model. TRPV1 induced a transient activation of glial cells in temporal profiles discrepant from the development of mechanical allodynia, and activated microglia appeared to exert protective effects on trigeminal synaptic functions.
